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1. 


Introduction 


The  general  objective  of  this  program  remains  that  of  furthering  the 
development  of  nondestructive  evaluation,  particularly  in  relation  to  its 
use  as  a  means  of  quantitatively  characterizing  performance  related  proper¬ 
ties  of  structural  materials.  The  principal  two  areas  of  emphasis  during 
this  reporting  period  have  been  low  frequency  eddy  current  testing  methods 
for  nonferromagnetic  metals  and  microwave  testing  of  dielectric  layers  on 
conducting  substrates  using  surface  electromagnetic  waves,  ff 


II.  Summary  of  Progress 


A.  Microwave  Testing 

The  investigation  of  the  use  of  surface  electromagnetic  waves  to 
measure  the  thickness  and  dielectric  constant  of  a  dielectric  layer  sup- 
1  ported  by  a  planar  conductive  substrate  has  been  completed.  The  theoretical 

results  show  that  the  thickness  and  the  dielectric  constant  can  be  measured 
independently  by  exciting  a  surface  electromagnetic  wave  along  the  layer 
and  the  subsequent  measurements  of  its  propagation  characteristics.  The 
results  of  this  theory  have  been  tested  by  an  experimental  investigation 
of  surface  waves  traveling  along  1-2  cm  thicknesses  of  layers  of  dielectric 
materials  at  a  frequency  of  10  GHz.  The  resulting  predictions  of  thickness 
and  dielectric  constant  are  found  to  be  quite  accurate  when  applied  to 
I  samples  of  known  physical  properties.  The  measurement  of  thinner  layers 

may  be  accomplished  by  simply  increasing  the  frequency  of  operation. 

Some  addition  complexity  of  the  actual  experimental  apparatus 
will  result,  but  the  same  theory  will  still  be  valid.  Technical  details  of 
both  the  theoretical  work  and  the  experimental  set-up  including  a  comparison 
of  theory  and  experiment  is  included  as  Appendix  A.  A  more  detailed  paper 
is  presently  under  preparation  and  will  be  submitted  to  a  suitable  journal 
for  publication. 

B.  Eddy  Current  Testing 

The  excitation  of  eddy  currents  in  materials  to  detect  flaws  is 
well  developed  in  practice.  The  theoretical  solutions,  however,  of  even 
the  most  basic  geometries,  which  even  remotely  resemble  practical  testing 
situations,  have  not  been  attempted  until  recently.  The  numerical  solutions 
of  Dodd  and  Deeds  [Journal  of  Applied  Physics,  Vol.  30,  pp.  2823-2838,  1968] 
’  and  the  analytical  work  by  Zaman,  Gardner  and  Long  for  both  cylindrical 
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[  LKEE  Transactions  on  Instrumentationiand  Measurements,  March  1981]  and 
planar  (Journal  of  Nondestructive  Evaluation,  1981]  geometries  are  the  first 
real  attempts  to  attack  the  basic  eddy  current  problem  on  a  theoretical 
level.  The  results  of  these  studies  have  application  in  many  practical 
cases  where  eddy  current  methods  have  been  used  for  years. 

The  case  of  a  single-turn  loop  surrounding  an  imperfectly  conduct¬ 
ing  cylinder  has  been  solved  for  a  slightly  restrictive  set  of  physical 
parameters.  The  change  in  complex  impedance  of  the  coil  was  calculated  as 
a  function  of  the  geometry  of  the  problem  (radii  of  the  coil  and  core)  and 
of  the  material  properties  of  the  core  (conductivity). 

In  a  similar  fashion  the  impedance  of  a  loop  parallel  to  and  near 
an  infinitely  large  planar  conductor  was  calculated.  This  change  in  complex 
impedance  was  found  as  a  function  of  the  size  of  the  coil,  the  lift-off  dis¬ 
tance  and  the  conductivity  of  the  material.  Again  these  results  bear  direct 
application  for  practical  testing  situations  employing  planar  geometries. 

The  results  of  these  previous  investigations  may  also  be  used  to 
calculate  the  change  in  impedance  due  to  a  flaw  in  the  conducting  material. 

A  detailed  derivation  is  given  in  Appendix  B.  A  first  approximation  using 
only  the  fields  in  the  unflawed  sample  has  been  developed  for  the  usual 
case  of  a  single  coil  eddy  current  system. 


Az  = 


VF 


Wv 


This  formula  can  then  be  applied  to  a  small  point  flaw.  Further  development 
to  degenerate  types  of  flaws  (thin  discs,  needle  shapes,  etc.)  is  also 
planned.  The  ultimate  goal  would  be  the  prediction  of  the  response  of  an 
ellipsoidal  anomaly. 


III.  Publications  and  Presentations 


S.  A.  Long,  C.  G.  Gardner,  and  A.  Zaman,  "Impedance  of  a  Loop  with  a 
Gylindrical  Conducting  Core",  accepted  for  publication  in  IEEE 
Transactions  on  Instrumentation  and  Measurements,  March  1981  issue. 


A.  J.  M.  Zaman,  S.  A.  Long,  and  C.  G.  Gardner,  "The  Impedance  of  a 
Single-Turn  Coil  Near  a  Conducting  Half-Space",  accepted  for  publica¬ 
tion  in  Journal  of  Nondestructive  Evaluation. 


S.  A.  *ong,  A.  J.  M.  Zaman,  and  C.  G.  Gardner,  "Impedance  of  a  Loop 
Near  a  Conducting  Half-Space",  paper  presented  at  the  DARPA/AF 
Symposium  on  Quantitative  Nondestructive  Evaluation,  LaJolla,  CA,  July 


1980. 
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Appendix  A 


Nondestructive  Evaluation  of  Dielectric  Layers 
on  Conductive  Substrates  by  Microwave 
Surface  Electronagnetic  Waves 


NONDKSlRrcrm  EVAl.l’AllON  OK  DIELECTRIC  LAYERS  ON  CONDUCTIVE 


SI 


B*>;  KAILS  BY  MICKuWAVL  SI"  K  KALE  ELECT ROMAONE II L  WAVES 


(  .  L.iidner,  S.  A.  Long,  ami  W.  im 

Llev.trii.il  Eng  inecr  ing  Department 
In  i  wrsi  t  \  < •  I  Houston 

Houst  till ,  IeX.ls  7/00* 


Ah s l  r.»i  i 

The  lhi*’nn  >•  nul  pr  rmi  t  t  i  v  i  i  v  (or  dielectric  constant)  of  dielectric 
la.*  i  .  on  •  tri«.illv  con«iu<  t  i  ve  substrates  can  In*  delermi  nod  bv  suit- 
ahlo  t:«  I-- in  r-.t-nt  s  using,  surf  i.  r  I  n  t  romugnct  i  c  waves,  Hu*  approach  used 
lure  i  >  t  iv.iMirc  tin-  »  ut  i  >  I  !  frequency  of  the  I M  j  SEW  mode  and,  in  effect, 
the  prop.tg.il  ion  constant  o!  t  lie  TMj  SEW  mode  as  a  function  ot  frequency. 

Uu'  tin  o|.  , » t  the  i*u  l  h  ".1  and  some  preliminary  results  obtained  using. 

MW  supported  bv  a  lover  *>t  p«>  l  vpr*»py  1  ene  on  an  aluminum  substrate 
ate  p  i «.  sent  ed .  Bv  going  to  higher  frequencies  the  method  can  he  extended 
to  thin  plot*  *  ive  «  o  it tngs  on  metals,  e.g.,  ceramic  coatings  on  jet 
engine  and  e.  al  utilf/at  r<n  t  omportent  s . 


1NIKOIH XI  i»'N 

The  idea  of  using  surface  electromagnetic  waves 
(SEW)  te  measure  the  thickness  and  dielectric 
constant  (or  complex  permittivity)  of  a  laver 
of  dielectric  material  nn  an  electrically  *  on- 
duct  ive  substrate  is  well  known.  it  lias  re¬ 
ceived  considerable  attention  in  relation  to 
opt o-t 1 e« t roni c  devices  in  which  thin  layers  of 
optimally  transparent  material  on  conductive  or 

semi i  endm  t  i v<-  substrates  are  used  as  optical 

( i  Z ) 

waveguides.  Ihe  possibility  of  adapting 

the  t  »->  hn  iqur  lor  nondestructive  evaluation  of 
other  tvpcs  <>f  coatings  was  raised  by  Boll  and 
«  nw«>rVers.  ^  However,  the  idea  does  not  appear 
to  have  been  pursued  to  the  point  of  practical 
app 1 i cat  ion . 

There  are  currently  several  potential  applica¬ 
tions  of  the  method.  Several  In  particular  are 
noteworthy.  One  is  the  case  of  protective 
coatings  on  components  of  jet  engines,  coal 

combust  Ion  chambers,  magnet ohydrodynamlc  gr,n- 
('♦) 

erators,  and  the  like.  Another  Is  the  case 
of  polymeric  coatings  for  environmental  protec¬ 


tion.  There  is  also  the  case  of  surfaces  of 
metals  prepared  for  adhesive  bonding,  where  the 
strength  attained  by  the  bond  is  known  to  be 
sensitive  to  the  condition  of  the  adherent  sur- 
l arcs . 

This  paper  describes  some  preliminary  work  ex¬ 
ploring  some  of  the  puss  ib  i  1  i  t  ies  <ind  practical 
problems  associated  with  the  SEW  method.  Lt  is 
not  aimed  at  a  specific  application.  The  work 
involves  the  use  of  microwaves  in  the  8- Id  (!Hz 
range  (free  space  wavelengths  around  1  cm). 
"Coatings"  .ire  simulated  bv  relatively  thick 

cm)  slabs  of  a  rcadiiv  available  plastic 
(polypropylene)  placed  on  a  large  sheet  of  alum¬ 
inum.  For  application  to  thin  coatings,  the 
techniques  would  have  to  be  "scaled  down"  by 
one  or  two  orders  of  magnitude.  Fortunately 
there  are  no  fundamental  obstacles  to  this. 

Thus  far  only  transverse  magnetic  (TM)  waves 
have  been  used;  the  possibility  of  using  trans¬ 
verse  electric  (TE)  waves  and  combined  TM  and 
TE  waves  remains  open. 


persion  relation  la  found: 


(<l) tan(xl)  •  (5) 

Equation  (3)  implicitly  defines  the  propagation 
constant ,  8,  as  a  function  of  k^,  t  and  c.  Thia 
transcendental  equation  cannot  be  solved  exactly 
in  closed  form.  If  Equation  (5)  la  rewritten 
In  the  form 

xtanx  -  £[(c-l)(k0O2-x2)1/2  (6) 

where 


x  - 


Figure  I.  Dielectric  Layer  on  Metal  Substrate 
THEORY 

Referring  to  Figure  1,  the  illustrated  unbound¬ 
ed  planar  structure  can  be  shown  from  Maxwell's 
cqu.it  Ions  to  support  TM  plane  waves  propag.it  lng 
In  the  z-dlrccllon  (with  surfaces  of  constant 
phase  perpendicular  to  the  z-direction)  for 
wh I i h  the  z-romponent  of  the  amplitude  of  the 
electric  field  Is  given  bv  the  relations: 


E  (  A) 


V" 


ty^Hln  . I)e 


.  <  x—  f  ) 


0  <xa 


«<x 


U) 


vtlf  I  » 


,  2  ,  1  /  2 
•o  ’  (0  ‘V 


p  is  the  propagation  constant,  and  k^ 
t  is  the  permittivity  of  the  dielectric  laver 
of  thickness  I.  Conditions  for  such  a  surface 
wave  exist  when  the  relation 

,  a  1/2, 


0 


<*) 


Is  satisfied.  for  this  case,  both  «  and  <q  are 
ri-al,  positive  quant  It  tea  . 

The  remaining  components  of  the  electric  field 
intensity,  as  well  as  the  y-component  of  the 
magnetic  field  Intensity  follow  from  Maxwell's 
equations  (the  x- component  and  z-component  van¬ 
ish).  When  the  requisite  boundary  conditions 
on  the  fields  are  Imposed,  the  following  dls- 


lt  becomes  clear  that  the  solutions  of  the  equa¬ 
tion  correspond  to  the  Intersection  of  the 
(circular)  curve 

2  2  1/2 

y  -  cl(c-l)(k0O  -xZ\ 
with  the  curve 

y  ■  xtanx  , 

Multiple  solutions  to  the  equation  occur,  a  new 
branch  occurring  as  x  Increases  by  a  multiple 
of  For  x  -  n",  the  right  hand  aide  of  Equa¬ 
tion  (6)  must  vanish,  ie.. 


n” 


a/2  * 


oa.... 


(7) 


"  Kt-U‘ 

The  values  of  k  given  by  Equation  (7)  corre- 


(2) 

6pond  respectively  to 

n«c 

(3) 

OI 

H 

—4 

1 

U 

mi 

1 

c 

3 

oV 

where  c  *  (uQc0) 

(8) 


vacuo .  The  fields  corresponding  to  the  solution 

of  Equation  (6)  for  n»<x‘(n+l)»  are  described 

at  the  TM  SEW  nodes.  The  cutoff  frequency  for 
n 

the  TMq  mode  la,  of  course,  zero;  the  TH^  mode 
can  be  excited  for  any  frequency.  The  higher 
order  modes  can  be  excited  only  for  frequencies 
exceeding  their  respective  cutoff  frequencies. 

We  note  that  a  determination  of  the  cutoff  fre¬ 
quency  of  any  mode  except  TM-  determines  the 
1/2  U 

quantity  i(t-l) 

If  the  left  and  right  hand  sides  of  Equation  (6) 
are  expanded  as  a  power  series  in  x  about  the 


value  x  -  n",  an  approximate  solution  is  ob¬ 
tained  which  rn.iv  be  written  in  the  form 

c-  >2  -  i.((l;-1)i)2(k  -k  )2  w) 

ko  L  0  " 

fciju.it  ton  (9)  is  valid  for 

•  k  . 

0  u 

Equation  (9)  mav  be  written 


l(k  ):-l)1/2  -•  l(— • ‘)f)(k  -k  )  Cl«) 

N,  u  0  n 

lhus  it  the  propug.it  ion  constant  B  is  determined 

as  a  t  un«  t  ion  ot  the  wave  number  kg  (for  1  ixed 

values  (.f  t  and  f).  for  values  of  kg  greater 

than,  but  near  k  .  the  quant  it v  (c-l)H/t  may  be 
n  > 

determined  as  the  slope  of  a  graph  of  { (B/k^) 

-  I  ]  * '  *■  versus  k();  the  graph  will  intersect  the 

V  -axis  at  the  value  k  ,  which,  in  turn,  deter- 

"  n  i/2 

mines  the  quantity  .  Writing 

s  -  (10 
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sk  -j 

l+ll-<.(--'V] 


1/2 


_ n"_ _ 

sk  , 

i  c — 1‘)2 

n* 


ami 


(13) 


(13) 


Thus  c  and  ».  are  determined  as  functions  of  the 
experimentally  measurable  parameters  s  and  k^ . 

HR  ISM  METHOD  OF  LAUNCHING  AND  RECEIVING  SEW 

One  practical  means  of  launching  a  SEW  is  Otto's 
prism  method,^  illustrated  in  Figure  2.  If 
the  angle  of  incidence  ♦  is  such  that  the  in¬ 
ternal  angle  of  incidence  9  exceeds  the  critical 
angle  for  the  prism-air  interface,  then  the  x- 
component  of  the  (now  complex)  propagat ion 
vector  for  the  field  below  the  prism  is  pure 
imaginary.  By  varying  the  angle  of  incidence 
♦  (and  consequently  the  internal  angle  of  inci¬ 
dence  0),  the  ratio  B/kg  can  (for  appropriate 
values  of  kQ)  be  made  to  aaaume  the  value 


Figure  2.  Prism  Coupling  Arrangement  for 
Launching  and  Receiving  Surface 
Electromagnetic  Waves 

necessary  for  a  SEW  on  the  substrate.  At  this 
condition,  a  SEW  will  propagate.  Thus  the  con¬ 
dition  for  launching  a  TM  surface  wave  may  be 
n 

written 

(.  *  /2sirt9  »  §~  -  (i  +  <—  02(k  -k  )V/2  (J*> 

P  kQ  e  On 

where  e  is  the  relative  permittivity  of  the 
P 

prism  material. 

If  the  wave  inside  the  prism,  and  incident  on 

the  prism-air  interface,  were  an  ideal  plane 

wave,  there  would  be  a  sharply  defined  internal 

angle  of  incidence  9,  at  which  a  TM  SEW  could 

n 

be  launched.  In  practice  the  incident  wave 
comprises  plane  waves  with  a  range  of  propaga¬ 
tion  directions  distributed  about  a  central  ray. 
Hence  as  b  is  varied,  the  amplitude  of  the 

launched  TM  wave  varies  and  is  maximum  for  the 
n 

theoretical  value  of  0 .  By  measuring  the  value 
of  0  at  which  the  amplitude  of  the  TM^  SEW  is 
maximum,  as  a  function  of  kg  (or,  equivalently, 
the  frequency  of  the  incident  radiation),  B/kg 
Is  determined  as  a  function  of  kQ,  and  Equations 
(10),  (12)  and  (13)  may  be  applied  to  determine 
t  and  i. 


EXPERIMENTAL  METHOD 

A  block  diagram  of  the  experimental  arrangement 


I- i pin-  1.  Bl«'»k  l) i up rum  of  Experimental 
Ar  runp.omeiU 

is  s.'i.  wri  in  Figure  *.  A  sweep  oscil  lal->r  which 
has  a  n.'fjuiinv  range  from  H.U  liHz  to  12.4  C,Hz 
is  aseil  aw  tile  microwave  source.  For  launching 
a  s-ii  !.»«»•  ••  le*  t romugnet  i<  wave,  the  prism  coupl¬ 
ing  its  hn i  | ue  has  been  used.  The  4r>°  prisms 
wen*  nsni*  < ' t  puruttin  wax  having  a  measured 

pet  mi  1 1  i  v  it  v  ►.  -  2.22;  the  base  size  of  the 

P 

prisT.s  is  20  cm  *  20  cm.  In  order  to  minimize 
dite  t  pick-up  of  any  radiation  other  than  SEW 
nv»d*s,  two  microwave  absorbing  screens  were 
i  la>  «  d  behind  (<*r  ahead  of)  the  prisms.  A  gap 
■  •I  *  :•*  was  left  between  the  microwave  absorber 

atm  tin-  -,|tt\  iitumi  on  which  SEW  propagated.  Each 
i  i  .*■  horn  has  an  aperture  8  cm  '  8  cm.  In 
a rde t  t ■■  get  a  tar-field  pattern  we  have  to  set 
the  distance  between  the  t ransmiss ion  horn  and 
pit  r  > 2D*/4,  where  0  is  the  dimension  of  the 
ap*  rt'iif.  For  our  case,  r  has  to  be  greater 
than  •«>  i  m.  A  divided  i  ircular  quadrant  (not 
shown  iti  the  f  igure)  with  a  radius  of  80  cm  was 
built  ami  th*>  transmission  horn  mounted  on  it. 
For  the  receiving  horn  a  similar  scanning  device 
wit:-,  smaller  radius  (r  =  *>0  cm)  is  used.  The 
transmission  jnd  receiving  horns  can  be  inde¬ 
pendently  scanned  through  90°. 

For  i  *mp ling  the  wave  in  the  prism  into  the  SEW, 
there  must  he  an  air  gap  between  the  prism  and 
the  dielectric  layer.  Experiment  shows  the  op¬ 


timum  gap  for  the  best-coupling  is  h  *  */2, 
where  1  is  the  tree-space  wavelength  of  the 
microwaves . 

An  aluminum  sheet  (alloy  ^6061)  of  size  8'*8" 
is  used  as  the  conductive  substrate.  Several 
polypropylene  sheets  of  the  same  size  but  dif¬ 
ferent  thicknesses  are  used  as  the  dielectric 
coating  material.  The  polypropylene  sheets  are 
laved  on  the  aluminum  sheet  and  clamped  in 
order  to  minimize  air  space  between  the  poly¬ 
propylene  and  the  aluminimum  sheet. 

There  are  two  basic  parameters  we  have  to  mea¬ 
sure,  namely  the  frequency  and  the  incident 
angle  in  the  air.  Before  making  quantitative 
measurements  we  have  to  scan  several  times  to 
determine  the  angular  range  within  which  the 
TM^  and  TM^  modes  propagate  with  maximum  ampli- 
t  ude . 

In  the  actual  measurement,  as  the  external  an¬ 
gle  $  is  increased,  we  have  to  adjust  the  posi¬ 
tion  of  the  prism  slightly  in  order  to  keep  the 
central  ray  of  the  incident  beam  near  the  edge 
of  the  prism  for  most  efficient  coupling.  Then 
the  coupling  angle  can  be  obtained  by  scanning 
the  incident  beam  from  ♦  *  0#  to  k  ■  80*  and 
measuring  the  angle  at  which  the  most  energy  is 
coupled  into  the  surface  mode.  The  microwave 
frequency  is  obtained  from  the  frequency  meter. 


1 


t 

\ 

l  T  r  : 

Figure  4.  Surface  Wave  Intensity  Versus  Exter¬ 
nal  Angle  of  Incidence 


RESULTS 

Figure  4  is  .1  representative  graph  of  the  de¬ 
tected  signal  amplitude  as  a  function  of  the 
external  angle  ot  incidence.  The  large  peak 
Corresponds  to  the  TM^  mode;  the  smaller  second 
peak  *  or  responds  to  t  lie  TM^  mode.  Table  i 
shows  an  example  o!  measurements  obtained  from 
a  spe*  imen  ot  thickness  *  ~  1 . SO  cm  and  the 
dieleiirii  iorist ant  « » l  the  pt»  1  vpropvl one  favor 
t  2 .  2 '» .  ihero  ar«  two  modes  (TMj  and  I’M^) 
whi.h  i.m  bo  pt  0pag.1t  ed  on  this  structure.  The 
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The  most 

important  par 

am»>l  e 

r  we  must 

know  is 

the  ratio  t/k(J.  A<  'ording  to  the  theorv  of 
laurelling  SEW  hv  tin*  prism  coupling  technique, 
the  incident  .ingle  in  the*  prism  is  determined 
bv  tin  c'|!i.it  ion  k  n  sin’;  therefore  if  we 

P 

know  •  and  n  ,  i\  k^  can  he  obtained  from  tile 
equal  »  *ti  r  ■  k<}  **  n  sin".  c/k^  in  turn  determines 
the  >]'iant  it  v  [  (n/k{J)‘ -  I  |  ^  “  . 

Tlie  approximate  dispersion  relation  tor  anv  TM 

n 

mode  of  SEW  ne.tr  1  mol  1  is  given  by  Equation 

(9).  From  Equation  (10)  we  can  see  that  if  we 
>  1/2 

plot  l  (b/k^)  -1]  versus  ky,  a  straight  line 
will  result,  and  the  slope  s  will  be  equal  to 
(t-l)/ti;  the  intercept  will  be  equal  to  the 
cutoff  wave  number  k^.  A  representative  graph 
corresponding  to  the  data  in  Table  1  is  shown 
in  Figure  5.  For  this  particular  case,  the 
slope  8  *  8. 39  *  10  \i  and  -  186.7  m  \ 

After  0  and  are  determined,  t  and  £  are  ob¬ 


tained  by  meant  of  Equation*  (12)  and  (13). 

For  the  example,  we  have  t  *  2.16  and  t  •  1.56 
cm.  These  may  be  compared  with  the  value 
l  •  2.26  determined  by  the  standard  waveguide 
method,  and  t  •  1 . 50  cm  measured  with  a  pair  of 
cal ipers . 


Table  1.  Representative  Data  for  TMj  SEW  on 

1.5  Inch  Polypropylena  Layer  on  Alum¬ 
inum  Substrate 


Figure  5.  Function  of  Surface  Wave  Propagation 
Constant  Versus  Wave  Number  of  Ex¬ 
citing  Radlat ion 

CONCLUSION 

The  possibility  of  measuring  the  thickness  and 
dielectric  constant  of  a  dielectric  layer  on  a 
conductive  substrate  by  measuring  the  propaga¬ 
tion  constant  of  a  TM  SEW  using  the  prlam 
launching  method  has  been  demonstrated  in  a 
regime  appropriate  to  the  8-12  GHZ  frequency 
range.  To  handle  thinner  dielectric  Layers  It 


will  be  necessary  to  employ  much  higher  fre¬ 
quent  ies . 

A  number  of  important  points  remain  to  be  in¬ 
vestigated,  including:  (1)  the  effects  of 
pronoumcd  variations  in  the  thickness  of  the 
die  let  trie  layer;  (2)  the  effects  of  pronounced 
vari.it  ions  in  the  dielectric  constant  of  the 
dielettric  layer;  and  O)  the  effects  of  im¬ 
perfections  in  the  surface  of  the  conductive 
subst  rate . 

In  order  to  rationally  optimize  the  experimen¬ 
tal  arrangement  it  will  be  necessary  to  develop 
a  detailed  nMthem.itie.il  model  of  the  prism  SEW 
1  a  urn  h  i  tig  arrangement . 

Final  lv,  it  would  he  worthwhile  to  investigate 
alternative  launching  arrangements  including 
gratings  (or  similar  periodic  structures)  and 
special  horns;  and  to  investigate  the  possi¬ 
bilities  of  using  transverse  electric  (IE) 
modes  as  well  .is  both  TM  and  IE  modes. 
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Appendix  B 

Change  in  Impedance  Due  to  a  Flaw 
in  a  Conducting  Body 


Change  in  Impedance  Due  to  a  Flaw  in  a  Conducting  Body 


Consider  a  two-port  network  comprising  (1)  a  transmitter  T;  a  receiver 
R;  and  (3)  a  conductive  body  B  containing  a  void  of  volume  v_  as  shown  in 

C 

Figure  1.  Consider  the  multiply  connected  region  bounded  by  (1)  the  surface 
Sp  of  the  void;  (2)  the  closed  surface  partially  surrounding  the  trans¬ 
mitter  and  a  portion  of  which  coincides  with  a  standard  reference  plane 

cutting  the  field-guiding  structure;  (3)  a  similar  surface  S  for  the 

R 

receiver;  and  (4)  a  boundary  at  infinity.  Let  denote  the  (time- 

harmonic)  fields  that  would  exist  if  the  void  in  B  were  not  present,  with 
a  current  I  impressed  at  the  reference  plane  of  the  receiver,  with  the 
transmitter  open-circuited  (1^=0).  Let  (E,H)  denote  the  (time-harmonic) 
fields  actually  existing  with  the  void  present,  a  current  IT  impressed  at 
the  reference  plane  of  the  transmitter,  and  the  receiver  open-circuited 
(IR~0).  Within  the  bounded  volume,  (Eq,Hq)  and  (E,H)  satisfy  the  same  set 
of  equations,  i.e. 


V*E  =  -jwUyU  ;  V*H  =  ju>e(r)E 


By  the  Lorentz  reciprocity  theorem,  we  have 


[E  xh-ExH  ]*dS  =  0 


► 

where  dS  is  an  element  of  surface  which  is  taken  to  be  directed  into  the 
bounded  volume.  The  surface  S  is  the  union  of  surfaces, 


S  =  S  US.,,  UStJ  US,. 
>■’  T  K  I 


17 


•v 


19 

We  assume:  (1)  the  tangential  components  of  the  electric  field  intensity 

vanish  over  S,„  and  S„  except  over  the  respective  reference  planes  (the 
I  R 

transmitter  and  receiver  are  shielded);  (2)  the  fields  satisfy  the  radiation 
condition,  so  that  the  integral  over  S  vanishes.  Hence  we  have 

OO 

r 

(E  4-ExH  1‘dS  =  0 

JWSF 

We  assume  the  transmitter  and  receiver  field  guides  to  operate  in  their  re¬ 
spective  dominant  modes  for  which  currents  and  voltages  are  so  defined  that 
we  have 


(E0xH-E*H0) ' 


dS 


X  T 


Vt 


(E0xH-ExH()).dS  =  IRqVr-IrVRo 


By  the  assumptions  made,  I  =0  (transmitter  open-circuited  for  fields 

*0 

-►  -V  -V 

(E_,H  )),  and  1=0  (receiver  open-circuited  for  fields  (E,H)).  Hence  we 
U  U  K 

have 


-TV  +1  V  + 

T  ro  RoR 


(EqXH-'exh  )*dS  =  0 


Now,  V  =  z  _  i  ,  where  z.„  is  the  transfer  impedance  between  transmitter 

ro  12o  Ro  X 

and  receiver  (no  void);  and 


V  =  z  ,1  ,  where  z  is  the  transfer  impedance  (with  void). 
r  it  r 


Hence,  we  have 
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